ABSTRACT
I. INTRODUCTION
Hydrogenated amorphous silicon (a-Si:H) has dominated as the material of choice for the channel semiconductor in thin film transistors (TFTs) for display backplanes for over two decades. 1 This is due to the exceptional uniformity which can be achieved in material properties over very large areas as a result of the amorphous microstructure. However, the inherently low electron mobility and metastability of a-Si:H means that it is becoming increasingly more difficult for this material to meet the ever-increasing demands of the display industry as it moves from liquid crystal to organic light emitting diode technology and with requirements for larger areas and higher resolutions. A number of alternative material systems to a-Si:H have emerged, including organic semiconductors, 2 nanocrystalline silicon, polycrystalline silicon and amorphous oxide semiconductors (AOSs). 3 Of these, AOSs are emerging as the preferred technology by the display industry with amorphous indium gallium zinc oxide (a-IGZO) being the most widely used channel semiconductor in combination with a silicon dioxide gate dielectric. 4 The amorphous microstructure immediately means that a-IGZO is equally well suited to large-area electronics as a-Si:H, but retains a high electron mobility (>10 cm 2 V -1 s -1 ) due to the spherical symmetry of the overlapping metallic s electron states that form the bottom of the conduction band.
-3-
Particular attention has been paid to the stability of a-IGZO TFTs under a variety of bias stress conditions. 6 The change in carrier density in the channel of a semiconductor upon application of a bias to the gate with respect to the source, V GS , can result in a number of microscopic processes taking place including charge trapping in the dielectric, charge trapping at the interface between the dielectric and semiconductor, and a change in the defect distribution in the semiconductor.
Depending on which processes are taking place, the effect on the transfer characteristics of the TFT may be a shift in the threshold voltage, V th , or a change in the sub-threshold slope, or a change in the field-effect mobility, µ FE , or some combination of these.
A number of studies have focussed particularly on the effect of negative bias stress (V GS < V th ) as TFTs are actively driven to negative gate voltages during normal operation of a display backplane. [7] [8] [9] [10] Of note is that, whilst almost no change in TFT transfer characteristics is observed under negative bias stress in the dark, if the TFT is subjected to illumination with a photon energy approaching that of the band gap of the a-IGZO (~3 eV) then a shift in V th to more negative voltages is observed. The recent study of this 'negative bias under illumination stress' (NBIS) by Chowdhury et al. is particularly interesting, 8 as the authors measure the effect of temperature on this process, and this permits an analysis based on the concept of the thermalization energy which has previously been applied to amorphous, microcrystalline and polycrystalline silicon TFTs. [11] [12] [13] In this work, such a thermalization energy analysis is applied to NBIS data of Chowdhury et al. 8 The parameters from this analysis are compared with previous studies on the stability of a-Si:H With reference to previously published work on the nature of oxygen vacancies, it is postulated that two distinct distributions of oxygen vacancy states must exist in the band gap of a-IGZO which are in thermal equilibrium, and where the Fermi energy affects this equilibrium. This is analogous to the Defect Pool Model that was previously developed for a-Si:H. [16] [17] [18] A microscopic model which allows this equilibrium to change is proposed which is based on an oxygen vacancy defect migration (rather than defect creation) process. The oxygen vacancy migration model is shown to be consistent with previous work on the physics of oxygen vacancies and clearly explains why light illumination is required for a threshold voltage shift to occur under negative bias but not positive bias in a-IGZO TFTs.
II. THERMALIZATION ENERGY ANALYSIS
The starting point for the thermalization energy concept is that a material contains a number of sites which may be converted into defects by some means when the material is in an equilibrium state. No assumptions are required about the mechanism for the defect conversion process, but simply that each potential defect site will have a particular energy barrier to becoming the site of a defect resulting in the whole material having a distribution of energy barriers to defect
conversion, D(E).
If an attempt-to-escape frequency, , is defined as being the number of times per second that an attempt is made to overcome the barrier to converting a particular site to a defect, then if the material is subjected to a change (e.g. a gate bias) such that it is no longer in equilibrium at some time t = 0, then after some time t, Boltzmann statistics shows that it is statistically likely that all potential defect sites D(E) with an energy less than k B Tln(t) will have been converted into defects, where T is the temperature and k B is the Boltzmann constant. As it takes a longer time to convert defect sites with a higher energy, time may be converted directly into a thermalization energy, E th , where
allowing D(E) to be determined. 19 The beauty of the thermalization energy lies in the fact that the approach is agnostic to the defect conversion mechanism and has only one fitting parameter in the attempt-to-escape frequency.
The attempt-to-escape frequency may be evaluated by performing the same experiment at a number of different temperatures. 
where   V n (t) will be defined as being
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(4) Figure 1 shows the result of replotting the fitted stretched exponential V n functions from . All V n (E th ) curves should overlap independent of NBIS temperature at the correct  for the defect conversion process that is operating. From Fig. 1 . However, alignment is not perfect due to a combination of the fact that the stretched exponential is rarely a good fit to stress data for longer stress times, 13 and the repeated interruption of the NBIS process to perform gate transfer measurement of V th which acts as a perturbation.
By substituting E th for t in (4) using (1) for the thermalization energy, it is possible to write the stretched exponential as
This is also plotted in Fig. 1 as a line without symbols at each attempt-to-escape frequency for the 343 K stretched exponential data. Differentiating this curve then allows the form of the distribution of energy barriers to defect conversion, D(E), to be determined, and this is plotted for attempt to escape frequencies of 10 6 s -1 and 10 7 s -1 in Fig. 2 . Allowing for the uncertainty in the determination of the attempt-to-escape frequency, this shows that D(E) has a peak at E max between 0.65 and 0.75 eV and a full width at half maximum ~0.25 eV. It should be noted that this analysis is fundamentally different to that applied by Chowdhury et al. in that a distribution of energy barriers is being extracted in this analysis rather than an attempt to fit the data to a single energy barrier, which is not physically realistic.
-7-
It is now possible to extend the previous comparative study of the positive bias stress (PBS) stability of amorphous, microcrystalline and polycrystalline silicon TFTs made by Wehrspohn et al. 11 to NBIS in a-IGZO. It should be noted that a stretched hyperbola is used to fit stressing data by 
where 20 This has two fitting parameters: k B T 0 which is a measure of the width of D(E), and E A which is related to E max by 2 ln
Table I in this work is therefore adapted from Table I in Ref. 11 where E max is included rather than E A .
III. REQUIREMENTS OF THE NBIS INSTABILITY MECHANISM
In the light of this thermalization energy analysis and previous studies, any model that attempts to explain the NBIS instability mechanism must explain the following essential details:
1. a negative shift in the threshold voltage occurs for negative gate bias and a positive shift occurs for positive gate bias;
2. illumination with light is required to induce a negative threshold voltage shift, whereas positive threshold voltage shifts occur both with and without illumination;
3. the threshold voltage shift is metastable (i.e. the effect is persistent after the removal of the gate bias), and the rate of shift is strongly temperature-dependent in the range from room temperature up to 373 K when structural changes are not occurring;
4. the energy barrier to the instability mechanism is 0.65 -0.75 eV; and 5. there is an attempt-to-escape frequency of 10 6 -10 7 s -1 associated with the instability process.
-8-Models for the threshold voltage shift in TFTs fall generically into three categories:
1. those that involve charge trapping in the gate dielectric;
2. those that involve charge trapping in existing states in the semiconducting channel; and 3. those that involve some change in the distribution of gap states in the semiconducting channel.
Ascribing a mechanism to a measured threshold voltage shift is not straightforward, as there will be dependence on the quality of the dielectric and semiconductor and also on the magnitude of the gate electric field. This discussion is restricted to TFTs incorporating a high quality, wide bandgap dielectric and low defect density semiconductor, under gate electric fields common in the practical use of TFTs in displays ~1 MV cm -1 . This is the case for the silicon dioxide, a-IGZO and -20 v bias employed by Chowdhury et al. 8 Jackson et al. have previously concluded that threshold voltage shifts under negative gate bias in multicomponent oxide TFTs is unlikely to be due to charge trapping in the dielectric as the process appears to be independent of the dielectric employed. 10 Furthermore, the offset between the valence mobility edge in a-IGZO and the valence band maximum in silicon dioxide is in excess of 1 eV. 21 As the 3.4 eV photon illumination is only sufficient to generate electron-hole pairs in the a-IGZO, and not directly in the dielectric, it is unlikely that holes will penetrate into the dielectric from the semiconductor. Neither is there any apparent correlation of such a mechanism with the energy barrier for the process or the attempt-to-escape frequency that has been extracted, nor a reason for the rate of threshold shift being strongly temperature-dependent when the hole trapping is entirely driven by an electric field in this mechanism. Therefore, a mechanism involving charge trapping in existing gap states or a change in the distribution of gap states is most likely.
In order for charge trapping in the a-IGZO to be the NBIS mechanism, it is necessary for positive charge to be created close to the dielectric interface so that there is an effect on the threshold voltage. Photon illumination will clearly reduce the hole quasi-Fermi level so that positive -9-charge can be created in deep oxygen vacancy states. The positive charge needs to be separated from the generated electrons, and the applied gate field would provide a mechanism for this.
However, it is again not clear why there should be a strong temperature dependence to this process and an energy barrier of 0.65 -0.75 eV. An additional complexity therefore has to be introduced into such models such as vacancy diffusion, 21 or photonic energy barrier lowering. 8 Therefore, for the remainder of this paper, the possibility of a model based on a change in the distribution of gap states is proposed, as found in other amorphous semiconductors with a significant number of tail states. It is shown that such a model fulfils all five of the requirements set out here, and explains positive bias stress also.
IV. OXYGEN VACANCY BAND GAP STATES
In comparing the data in Table I for the a-IGZO TFT under NBIS with PBS in the thin film silicon TFTs, it is notable that while E max is of a comparable order to the thin film silicon case, it is actually slightly smaller. In the case of thin film silicon, it is the breaking of a weak Si-Si bond that is the rate limiting step to defect creation in PBS and this leads to the fairly consistent E max = 1.0 eV across the range of materials and devices. 18 It has been suggested that oxygen vacancy (V O ) states lying deep in the band gap (~1 eV above the valence band mobility edge E V ) are responsible for instabilities in a-IGZO TFTs. 14 The modeling of defect states in amorphous materials by techniques such as density functional theory is notoriously difficult due to the need to generate an arrangement of atoms that realistically represents an amorphous structure with the required defect state present.
However, there have been such studies on crystalline ZnO, and there is a consensus that the energy for neutral V O creation is between 0.85 and 1.0 eV when the Fermi energy is in the upper half of the band gap (E F -E v > 2.2 eV), as is the case for these intrinsically n-type materials. [22] [23] [24] If the Fermi energy drops lower in the band gap, then the formation energy of an oxygen vacancy with a 2+ charge (V O 2+ ) becomes lower than the formation energy of an uncharged oxygen vacancy (V O ).
-10-For the remainder of this work, defects formed in the (uncharged) V O state will be referred to as D e states, as they will tend to be formed under conditions of electron accumulation. Defects formed as V O 2+ states, which will tend to be under hole accumulation, will be referred to D h states, in analogy with the Defect Pool Model notation used previously for considering defects in a-Si:H TFTs. 16 Density functional theory (DFT) calculations on D e states in IGZO suggest that they form a band of mid-gap states ~1.1 eV above the valence band mobility edge. 25 As the D h states are, by definition, in a 2+ charge state, their electron occupancy is low, and so they must be at a higher energy in the density of states than the D e states, and this is shown in the schematic diagram of the a-IGZO density of states in Fig. 3(a) . After formation, both D e and D h states may be either neutrally charged or doubly charged (the single charge condition being unstable due to the energy gain from lattice contraction) depending on the position of the Fermi level at a particular moment in time.
Clearly, defect states will be formed during the deposition of an a-IGZO thin film. If no further structural change in the material is possible, then this implies that the density of states of D e and D h oxygen vacancies is fixed for all time. However, it is known that diffusion of oxygen vacancy states does occur in metal oxides, and this process has been modelled in both crystalline zinc oxide, 26 and crystalline indium oxide. 27 Therefore, if a particular oxygen vacancy migrates from one site in the continuous random network in a-IGZO to another neighbouring site, then the Fermi energy at that time and the local structure and charge availability will determine whether the new site is a D e or D h state (i.e. the state in the new defect site is not necessarily the same as that at the old defect site). Therefore, defect migration provides a means by which the density of states in the band gap of IGZO may change without the need for some macroscopic structural change, as might occur at high temperatures. This is also consistent with recent experimental evidence of oxygen diffusion into a-IGZO thin films from an oxygen-rich surface, 28 and with the long-standing belief that the overall oxygen vacancy density does not change upon bias stressing of an a-IGZO TFT (i.e oxygen vacancy defects are not created by release of an oxygen atom from a potential defect creation site, which would be analogous to defect creation in a-Si:H TFTs under bias stress).
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V. CHARGE LOCALIZATION NEAR DEFECTS
The second key parameter in Table I 30 and so the attempt-to-escape frequency suggests a localisation length around the defect migration site of ~20 -40 nm. Fig. 3(a) shows a schematic diagram of the density of states in a-IGZO. Conduction in a-IGZO is dominated at low carrier densities by weakly localized electrons moving between the conduction band tail states in a trap-limited conduction mechanism. 29, 31 The attempt-to-escape frequency would suggest that this localization length is ~20 -40 nm. Such spatial localization of carriers in band tail states is consistent with the Anderson model for disordered solids. 32 Calculation of the localization length in a particular disordered material is not trivial, 33 and there is no published data for the carrier localization length in a-IGZO.
However, the localization length should be greater than the mean free path (~1 nm in a-IGZO) and less than the Debye length (in excess of 100 nm). 31 This is exactly the situation in microcrystalline silicon TFTs.
11
In the recent study of Hall mobility in a-IGZO by Kamiya et al., 34 a percolation conduction mechanism is presented which supports this view of carrier localization in a-IGZO. In the percolation conduction mechanism, the potential wells in which carriers are localized have a significantly longer length than the 1 nm mean free path. This is required in order to explain the absence of an anomalous Hall effect in this disordered material despite a T -1/4 dependence of conductivity with temperature. Therefore, the localization length extracted through the thermalization energy analysis is consistent with the Kamiya percolation conduction mechanism.
VI. OXYGEN VACANCY MIGRATION MODEL
A Defect Pool Model of the NBIS process now begins to emerge. The key features of the Defect Pool Model are that there should be some thermally equilibrated distribution of defect states in an amorphous material, where the inherent disorder leads to a broad energy density of states -13-distribution of defect states. These conditions appear to me met in a-IGZO where the equilibration of the defect distribution is achieved through oxygen vacancy migration. If this is the case, then it would be expected that the distribution of energies barriers for defect conversion determined by the thermalization energy analysis of NBIS shown in Fig. 2 should correlate with the energy barrier for oxygen vacancy migration in a-IGZO. Although there are no direct experimental measurements of this, ab initio modelling of these energy barriers in crystalline zinc oxide and crystalline indium oxide shows that they are significantly dependent on the charge state of the defect site, and can be as low as 1.09 eV in zinc oxide and 0.71 eV in indium oxide when the vacancy is in the 2+ charge state.
Therefore, given the amorphous structure and variety of metal cations in a-IGZO, the distribution of defect conversion energies around 0.65 -0.75 eV extracted for NBIS is consistent with this process.
This leads to postulation of the following microscopic model of the processes to allow an interchange between D e and D h states upon vacancy migration:
where O i is an interstitial oxygen atom moving between defect sites and O(-M) n is an n-coordinated oxygen atom at a site neighbouring the oxygen vacancy to or from which migration will occur or has 
